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W- the wvall

0 - local

- Incompressible or lecatioa index

•.O Dinmsioa mad Re.niti

The. Ded for a omabized collctin -of basic supersonic aerodynamic
data has 1eW beev evidert to Convafr aody• aioists working with high .*eloaity
bodies.. The exisAtn chtas and tables (eference 1, 2, 3) are either
litited tn some phase of Math amber and flow deflection angle or the data
are not preseuted graphi•a•1y (Reference A). It was believed dlo that
s P onvosotut eferene should be provided for the skin friction and heat
trinsfer formulae assooated with the reference temopature nethod or-
plaiuad in Referewe 9. This report fulfills these needs.

The wectiouoa foilovIng vill deal with the separate types of urve a
pr~senttaA.

•e .. ves in this seotiom are separatei into ones two and three
dimanai• ftow. The flow pars"ters presented, all verms initial Vboh

nm.bers are nach Mbar aftr the shock, static pressmoe ratio, static
teperature ratio, density ratio, velocity ratio, dynazle presswre ratio,
95wld muber zat.w, total head ratio and ohockvav anglo. All ratios
are quantities after the vave ••iidod by the value of the ame quztity
bef•re the WaY.

lAa -b'. acfoefent, are given for both =;Vaved and yawed cones.-
and C'. are givin for cones In Newtonia flow (Reference A, 5, 6).

The Tleynolds mabers presented in Flgure 1.6, 2.S and 3.8 were

o-7?. /oz Q, T1

&here an eponenta viscosity - temperature •l*tion

was seamed.

•,1
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the data for these curves vare obtained frem Ufaeane 1 throuh
Sc- c 6 or were ,.rAatod for higi Yach nuaber-defection angle e .r-bInt.iona v.en they were not tabulated.

3.2 YjjuW Z1v ParaS.ter- My The Refere.ce geae=atu. mmthod

The crvea pseauted It this section are primarily fer use with
the rference tqmratre method of calculating heat transfer and skin
friction. Figurs 4.1 - ..? ineludes local and msa ianompressib.l fl2v
skin frietion coefficients for Iainar, transition and turbulent flow vs.

Mach mnm; n ef-4ma 7s to , ýIr ratio T'/T -vsKs~h•abr; nd ••-•ee •varatwe (T') '* vs. V'. For wse In tbe
heat balanoo equOh .i the 3 :eremt (reooverw) W•s6e• •? in g1"An(varsus vel~ty. The theoreical lainr .ba= odar -Uj tabiltycuy
(Ffrne8) is Wahl In ]~gr2,me A-5 to littoate Uso tile of bomuider lay'er
flow wiah niht r e f xpeeted fter at e , dm e th - an d 1t ombinations.
Figures, 4.6 and 4.7 present the NALB variLation of~pwt and varAia-

7be reference teoea method and Its associated equations

vill be presente bel•o In iutline form. A complete dwmivation 'of then& equations
nmy be found in Reference 9, vidh also contains a critical evalistion of the
method. The concept or an "effective length., needed for the application of
this method to bodies other than flat. platee, is discussed by Sieff (Reference
10) and Romig (Reference n). 7herefore the following sectios are primarily
on tho use of the method in obtalning the heat transfer and skin friction.

The refereunce teperata" method is based an the asstion .that the
u1e of a characteristic tmperture In the ocmpressible equations for drag
and heat transfer vill elizi•ate their outward dependence on temperature and
Mach number, I.e., convert then to the incoepressibe Wovstaant-FpW equation.
UnWer this ass=mption the T1 method is thus lweacidi1d ass if all teiperatmre-
dependent properties in the ino sile equations for heat transfer and
dreg are based on the reference temperature T' then -the inmpressible equations
viii 7e.. the o. friction or heat transfer coefficients. Use of
this method therefore obviates solving the cup nesaible laminar aid turbulent
"uoadary layer equations. hae equations for the referenoe teserature are

7"'= 7w- L,. �O4- + 0.03?-M +O. -+ C4 T

where the ratio ?'/t may be found in Figure 4.2 vs. ach number for integral
values of I £- TW/T -. 4. The eq. (1) ere valid for both laminar and
turbulent flow..

!L
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3.2.1 Bag& &n• o•', fer T -,nsolol 7rgH

Tohr e ommpsuibl. skink friction say be obtained either as the

funoion f th R@nolds wnber based on TO. * bx priactical considerations
explicit relationaipa vils be develpod first for the local and mean cm-
proanible friction.

Assume al• ai r properties In the imoompru••ible drag equationsare bared ozt' so that according to the assumption .taud In 3,.2p

(C iteuible) c•,~ (imoocmpessibe -ý; 7 '

j iuere the primas denote thatair properties are based on T'.

/ /

ttsizw the perfect gais equation at constant pressme,.

71LII (2)
ubtere IC is given eihrb h Blasius owa

'-I

a e.,64-

or the Karmn equation

-_ ZE T- (.,cif .+ /,,''"
=r4e5L N7A- /5'1. (4)

these 1.winaz and taTtartt Incompressible friction coeffioients (Eq. 3 & 4)
a"e p-lotted3 in Figare 4..1 ver~an Royncide mube. The bynolds amber to be
used with Sq. (3) & (4) and hIece in evaluating Eq. (2) is a fWLati•n of TO.
The expreesion fr ta r is given as

T1(

"•'' = "I'--•'
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GO?R Wins tha POWOZ. law for viBoosY/ OC (T) 0.7 and us~ing ambient coozdi_
tione aa a rafemo,,

_,C-) P,.,,(5)

1? tho P•feot gas lw . used and sea level (T = 518.40R) Londitions are
u=d in the Omer lav,

(6)

tus it in only recesary to nter Figure 4.1 vith &.-, , compited by
q. (5) or 1;. (6), locatethe desired fe_.- and eone. e,,cyo b rn. (2).
or oon•mnl6noe In computing & 7 -1 , the fetion (T,)L" is plotted

versmu T' In Figure 4.3.

The usan akin friction coefficients my be obtained In such
tho se vay frcm the drag equation. ?br both laminar and trbulent fly-

T /()

u~haer CF,: in givien -by the Blasius formula

L4/MIN4A1 C __

&Ad the Prandtl-Schlieting equation

TTU.&jLENT CF, (k, &7")$(c"

mi. (8) dad (9) are alao plotted versm Reynolds unbe, In Figure 4.-1
The same yeoacdur* is used In evaluating the mran coefficient as was used
for the local..

The compressible heat transfer rate can be obtained from

the definition of the heat equation

7 - (10)
eon Iola-at• • 1o

,cnw i.,.-

-.t,,•m t'm' ~
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a the hhat tranfer coefficient in dfianed anI

l thz air propertiev it are based on V ani the following inoompressible
rolationships fur Jusselt number are used.

ZAu•,vAe iV,.,- .3Z- (12)

the after oonaiddable algebraie manipulation the folloving heat transferequa.tion Jare feund

0, - 2 4 (96- (15)

It ws daemmed in Sq. and that the air properties varLd In the follow.
ing vay

'.s

the validity of Z;q. 04A In particular and the exponents in the power lav vwere

substantala~d in the Investigations of Refereno. (9). It was found that
these heat transfer equations are correct as long as the boundar7 layer air
Is not dissociated.

Curveesof A TiTi - Tj where TjIs thefree stream
static tompature, are plotted veraus free strean velocity in Figure 4.4& -
4.4c for uns in eq. (10).

Thus to eaqpo the compressible laminar or turbulent heatpit n owly neoessar to find the reference temperature and wlvo eq. (14) or
(15). These values of -A are used along with the tmperatures obtained
fr• FTgMe 4.4a .4ao In eq. (10) to find the beat rate .

'03W lss-,%

- ~ _ _ _ _ _ _
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3.22 D suonal l With Disaomatwni

she equations (1) - (15) rittem above apply In strict

se only to flat plate flow. Amy condition *h1ih would tend to makethe exera flow dico~htJimoz at a poin•z,9 such as transition f•c 1=inar
to turbuleat flov, cn passing throug a shona or expasion, renders the

I order to use *q. (1) - (15) it !@ necezo-?, therefore
to saao refer the boundaryr la characteristJLc8 at the point of die-
oontInnity to a flat plate boundary layer with Identical chraoteristics
but with no flow diaoontlmttes. Thi can be accomplished by forcng, as
It were, the mentum less of tho boundary layer flnw to remain constant
across &W discontinuity. This momentue-Ioss method vM give an effectiveistarting lst for the c layer araterizzie to the point of die-coat1=uty.

The imetm loss equations are disaassd at 10n•th in
wo-a'e•' (].) ana (n1) and only a brief outline 6f' thom are givlen here.

If' the mentu losa throvh* the boundary layer is defined us

than across any point of discontitnuity it is &soed that

ThLs in equLvalnt to saUting that

K I - (17)

where & is the boundary la.er meatum thickness and a etreAvnamio
pressure. The lamin•a or turbuleat equations fnr & a (17) to be
solved for . 1, the effoctive starting lngtL. A convenienee in -
nomenclature & is deBuigat&e as -a,' hereafter.

Therefore let

• =~~ .. .3Z8, •• •(8

LAM ,4o p '/

OI

Pon. __ _ _ _ - - - __ _ _ _ -
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vlarQ ia the 16zgth aSm.lo thebod yto, the point of diseontinuity. The
turbulcmt e'• seeion far & Is based an the lpfth pover iaV for elo ,,ity.
It lo tdoqate for 3 x 10x l! & 0. 101. e 'ewre erait solution (DIs. (9))
wuld not be aszable for oesputation of 2". These equations giving & Mnho aiw.ifld by making the s asemiptiona used in the heat equations 1.4)arA (15) in the akim friction derivation to got

Sbtituition of (Z) into (31S) and (19) and use of Eq. (15a) given

00 376.f(21)

and

0. C08.9a(22)

Thae equationa can then be used in (17) to obtain .X'

Tvw tMses of fom disoo•ntundties *an be encountered In two
diuensional flow. These are (a) transition fr lUmiuar to turbulent flow
and (b) shoo•v•re or an expansion. The equatimfor -•' for amcbizationa of
these cases are obtained frou I9. (17)- (22) and are mmarised In the
folloving table for flov on an infinte double-wedge airfoil, a typical two-
dimensional body.

_I

"k ... ...___ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ ______________
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Tho folloving effectiv. starting i t•e ar e given to the points P of
Interest

a .- 0,.375 O6.
70FA .~P9,O4I(23'%

To/ (24)

- 7 P TPC-4 W(25)

7D P0 A' + PC) 0. .C-96 [ (26)

1q. (23);..(26) may then lie used to. evaluate the wh ,icih ini tam om be
used In (2) - (15) a1m1¶ vith local conhditions to evaluate the desired

coefflieleta * Sines Eq. (1) is independent of length this method does not
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I2 M .3TheeDmesioaj 712cm

Sinoe the bormdary layer at mW point on a cone Is muchthInea~r thian tho toundary !AMe of a flat plate which has otherwise the
emao boundaI:7 layer characteristics as the ocne, the 5q - (2) - (15) do noit

theounar laye (2 P)(vthiaas u hiai orification can be maea br1y vrign cef et
ca&* b etoce and. Van rit (Referece 12) foade the at type cori eqaions
tif thed ietyIt thre-ienine two bulentse equations ifd 'om htthe efactirve/
weet~art ed I igth fr cone length.l tuereflre, flor isl--f gI

tarig EeoDfrczvein. r q. (2) -(15) vihsih oitaonItymenforiction. foefficien/'t)

etriod lengthe fo act cone ve tted y lnturuet.lwI

l-VanfrarJ i4,q7Ps (29)

usdc tl aki rctual (ouevatted) legt

smet lmiar 4.4 K /0 (2~q (31)

menturbulent z i (30)

raferred to base area of cowe

(using thl1/5or 1/7poevrlaw, far
given Identical remilts)

0.014~

Mauw 1618-A
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end tw z ent. (3)

1q. (29) - (34) &e then Solved In the sme a-nner as the equat,•ons (2) - (15)
for to dimcnnional flow. -

3.2 .4 -hree Diummioml .lhw vith Dipsootiuitile

The con0tant samne•atn-losa- method of section 3.2.2 ,. n be
applied to the ease of tOnre-di•mnsional flv. The only changes uaich need
be mude are Ina the equations for the nc=mnt= thiakmess wAher the factors
1/3 and 1/A must be Inserted In the lazinar and turbulmt 6 , respectively.

aIdring this change ye have

£.1M~E &~ 0. 00-2174 (5S1~7"

Ai

7~.4BU~iJT ~ ~ o0o53.9((36)

24hbe equations are used in k. (17) to find •" , the effective length,
vbich Is then used in T. (2) - (15) to obtain friction and heat transfer.

The tyTs of discontinuities usually encountered in conical
fiw vo"uld be foAzd, say, on a cone-cylinder. The e6quations for varnousstarting ltgtha found'. from Sq. (17), (35) and (36) are surmized for
that tody In the following taible

FLoW o,•iMlAl .ISCCWT1414J 7y
Zs PC T R

77Jk5,-arNON

W• . T,-.,,__________
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- FP -,4 ,+ .5"743" (38)

jb TS,

,0,

P1 Ar --0 07735 0U T ('9)

.1.

*1. --. .�A, (�,),.,PT5 ' -1

j TR' ] (4~0)

to bo used in §q. (2) - (15) to find the friction and hbat transfer.

" In sea 3.2-4 the flov w* the Yliadwer portion of tho
body' 3 sipted was asemed to be at oam~as re..we In wder to obtain
the aiIls equatimoa (38), (39) WdA (4O). JYbr thease u53 ,.e a Steimdw
Sai,,t is to be m, A,- i the, body must be, brolm Into Smml .gmmt, of
ooaat&A flgm propetles. Ift this Is do" then the eqations (17), (21)
be found for om7potan the boc•.. Fo l of muah a t oneider a

a,--larialto bioonnmz airfoll broken Into maiL sepents of eonstant utrm•

properties as dimm bdlws
4XNSlTJ6AI

& .

4&_ s _ --. , 'T
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Lnmccgaza has the *tirai propartlaS P.,tti; P&,4- P?'4j~;...etc.6

Uo d=dve the joneral *qmit1cz for tbe effective length

lba tob4 ta on pvooead bycmltl Aasrm pl q (21)

so

0. )3 71;5 !'T' , =o0 60 3 76 5 JP' 
0 5~'g

Ap1l U30 pefctgm lc to t0-1 Oatio

,,T,

Q~re Un.* i h aoewtttxmt o
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a f g r turbulen feior ech aegft,...h
(73)

ALot transi.tion -eeur at acme point T In negmwet 4-1at o=9e distance-C
from tho beginninlg of the oapxws Mhan the effective length to T Is

odZ5- -'75

- 419, (4,2)

&aw4 forn any general turbulent sectlio thereafter

T'~s.gu~alzed fmla. soy then be use along vith local. condl-
ti.ons to wyulvAte the fricUom and heat transftr at saz point from Sq. (2)-

j,"i (15).
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A c<~llctlzn Lav bocn "do~ of~ai:yci flo'. ch'are~cteristiog, for one,
z! t~rco dlm ncumz bypermoAc fl"v. The :hmmber rompoie fro

11 1-: 20. Thna f1eo para.mota~ aro tl1cw as fr~ctlona of Initim.l Xach

U.putinofca, Gczprc~isbla akkL friction and heat tranafsr using the
ýCllizco tcz?.ýýrtzxo cmthod wora provientod fc'r tv-, and three dimensional

f-01-1 fTh-j ulth diacom.tiitit~o~ anid flov with streamwlee gradiont. Figures
~zs~ryin using tho foxwalao are in auction 14, Figure 14.1 - 14.7.
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